In the construction industry, silicone is primarily used as sealant material to fill gaps and cracks providing water and air-tightness to vertical construction projects reducing energy usage bills and enhancing the integrity of construction materials. This paper reports the results of spectral analysis of commonly used building sealant materials used in residential and commercial buildings. A dozen commercially available silicone-based sealant materials composed of different ingredients representing three manufacturer brands are characterized using Raman and UV-VIS-NIR spectroscopic techniques. The characteristic vibrational fingerprints of the selected sealant materials are summarized, and the Raman and reflectance spectra of the samples are also presented. It is observed that most of the samples appear to have similar vibrational band assignments and reflectance spectra. However, analysis of the Raman spectral positions and the reflectance spectra reveals that there are distinct differences among the sealant materials.
Introduction
Silicone is a waterproof polymer extensively used to seal joints and voids to avoid water and air leakage through the building parts. It has been used for a wide range of applications including electronic devices, medical accessories, and in aerospace and construction industries [1] , power systems [2] , as coating material to improve electrical insulating property [3] [4] , and as a sealing material in electrochemical devices such as fuel cells [5] , and other industrial applications [6] . Due to its hydrophobic property, silicone rubber is also one of the ideal choices for coating materials exposed to wet environmental condition [4] . Despite its several applications, silicone rubber appears to degrade eventually. The possible causes of aging and degradation are due to chemical, physical and radiation attacks. Recently, Chang et al., studied the effects of humidity and temperature change on the degradation of silicone rubber sealant used in fuel cell technology and found out that silicone rubber sealing materials severely degrade above 100˚C temperature making it unsuitable for membrane fuel cells operating above this temperature [5] . These drawbacks of the polymer draw the attention of material researchers to continuously find a way to improve the material property and overcome the aging and eventual degradation of silicone [7] [8] [9] .
In the construction industry, silicones are mainly used as sealant material to fill gaps and cracks providing water and air-tight residential and commercial building envelopes, reducing energy usage bills, water leakage through the building envelope, and to ensure that no ponding occurs to avoid accumulation of bacteria [1] . Though the primary use of silicone sealants in buildings is not to provide smoke tightness, there are also reports indicating their uses to prevent the spread of smoke leakage to the adjacent building envelopes [10] . The scope of this study is limited to spectroscopic characterization of some of the commonly used silicone based sealant materials used in residential and commercial building construction projects. The spectral signatures of the samples are identified using Raman spectroscopy. The reflectance characteristics of the samples are also studied using UV-VIS-NIR spectroscopy.
The use of spectroscopic techniques for characterization and study of building materials have been widely reported. In our earlier work [11] , we reported the application of Raman technique for non-destructive characterization of construction materials including sanded grout and fire-barrier sealants.
Fernández-Carrasco et al., demonstrated the use of IR spectroscopy for characterization and spectral assignments of cementitious materials used in construction industry [12] . Due to the nondestructive nature of the technique, Raman spectroscopy is becoming an ideal tool for forensic analysis of the composition of construction materials and paintings used in ancient buildings [13] [14] [15] .
Using IR spectroscopy, x-ray diffraction, and SEM Anderson et al., examined the sources, elemental and mineralogical compositions of the natural sediments used for wall plastering and foundations of five ancient buildings in Turkey [13] . The study suggested that soft lime and marlstone containing clay and silt were the materials used for wall finishing and construction of the foundations. Lampakis et al., used Raman spectroscopy to investigate the pigments and binder materials used in wall paintings of ancient churches and monasteries in Greece [14] . The study found that the paintings contain chalk, Fe 2 O 3 , charcoal, lead, mercury, and a toxic ore of mercury called cinnabar. On the other hand, Brough and Atkinson, used Raman spectroscopy to detect the presence of a silicate min-Journal of Building Construction and Planning Research eral called thaumasite in concrete structures, and for forensic analysis and monitoring of its formation causing potential defects and deteriorations in concrete structures [15] .
Materials and Methods
This study used commercially available twelve different silicone-based white sealant materials used in residential and commercial building construction for the analysis. A brief description of the three brands as provided by the manufacturers is summarized in Table 1 . Depending on the type of the sealant and the ingredients, the materials selected are commonly used for filling joints, surface defects, plumbing, kitchen, sidings, bath, doors, and windows for indoor and outdoor uses. For instance, the ingredients listed for sample S1 by the manufacturer are calcium carbonate, ethylene glycol, titanium dioxide, and other additives, and meets ASTM C-834, standard specification for latex sealants [16] .
Whereas, sample S2, with the same brand as S1, contains calcium carbonate, acrylic polymer mixture, diisononyl phthalate, propylene glycol, titanium dioxide, and other additives, and meets ASTM C-920, standard specification for elastomeric joint sealants [17] . The ingredients of sample S3 includes 50 -75 percent by weight of limestone, Petroleum distillates, and Diethylene glycol dibenzoate each 1.0 -2.5 percent, and Titanium dioxide, and Quartz, each 0.1 -1.0 percent by weight [18] . The ingredients of sample S4 includes 50 -75 percent by weight of limestone, Dipropylene glycol dibenzoate, Petroleum distillates, and Diethylene glycol dibenzoate each 1.0 -2.5 percent, and Titanium dioxide, Quartz, and Carbon black each 0.1 -1.0 percent by weight [19] .
The application of these techniques reported here in this paper has been widely used in the study of pharmaceutical products, mineralogical compositions, petroleum industry, forensic research, food sciences, semiconductor, and agro-industries. This study attempts to use Raman, FTIR and UV-VIS-NIR spectroscopic techniques to study silicone based sealant materials widely used in residential and commercial buildings and reports the spectral signatures of the selected samples. The primary purpose of this work is to report the vibrational signatures of commercially available silicone-based sealant materials used in construction industry. The Raman scattering measurements presented in Figures 1-4 and the characteristic spectral fingerprints of all the silicone sealants summarized in Table 2 are recorded using a compact Enwave Optronics Inc., Raman spectroscopy system equipped with 785 nm excitation wavelength laser and spectral coverage of 250 -2350 cm −1 . All the measurements were carried out with 100 mW laser power at the laser output port placed at an optimum distance of 7 mm from the sample. Further details of the Raman experimental setup and a schematic diagram of the system is presented in our earlier work [11] . Table 2 reveals that there are distinct differences among the sealant materials. Figure 2 shows the Raman spectra of the two HDX brand sealants studied (S1 and S2), which ap- , which are unique to sample S1 and S2 respectively ( Table 2 ). As can be seen in the figure, both S1 and S2 have one sharp and intense Raman band in the 1079 cm −1 region. Here, the bands at 1030 cm −1 and 1263 cm −1 do not appear within the samples selected from DAP and GE. Characteristic Raman spectra of five GE brand silicone samples (S8-S12) are shown in Figure 4 . As can be seen, samples S11 and S12; and S8, S9, and S10 appear to have similar spectral signatures. Both samples S11 and S12 display a very strong peak at 1079 cm −1 region. However, for samples S8, S9, and S10, the major bands are located at 480 cm −1 and 702 cm . In addition to all the Raman spectra listed for sample S8 above, sample S9 has three Raman bands at 607 cm −1 , 1793 cm −1 , and 1807 cm −1 region, which makes it different from sample 8. On the other hand, sample S10 can be differentiated from S8 with the distinct spectra that S10 has at 327 cm , and 1436 cm −1 region appeared to be unique to GE brand S10 sample.
Results and Discussions
As can be seen in Figures 2-4 , and Table 2 , both HDX samples S1, S2; DAP samples S3, S4, S7; and GE brands S11 and S12, possess a very intense Raman line at 1079 cm −1 region indicating the presence of C-C stretching mode com-
mon to seven of the twelve samples [20] . Samples S5 (DAP brand), and three GE brands S8, S9, and S10 have a vibrational spectrum at 481 cm −1 , indicating the presence of Si-O symmetric stretching bond in the samples [21] . Except for S6, all the other silicone sealant samples appear to have a vibrational band at 704 cm −1 , which is assigned to C-Si-C symmetric stretching mode [21] . From the reflectance spectra illustrated in Figure 5 and Figure 6 , we can see that all the samples except GE S8, all the silicone sealants studied appear to have a great deal of similarity in spectral range and relative intensities of the reflectance property of the materials. Figure 5 . Reflectance spectra of samples S1-S12. Figure 6 . Reflectance spectra of GE samples S8 and S12.
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Conclusion
The suitability of the Raman and reflectance spectroscopy techniques for spectral analysis and characterization of building materials is successfully demonstrated using commercially available silicone sealant materials used in residential and commercial building construction projects. Twelve different samples were selected from three different manufacturer brands. It is found that there are several vibrational bands which are common to some of the samples, suggesting that there is a reasonable similarity in molecular composition of the samples drawn from different manufacturer brands. As shown in Table 2 and Figures   1-4 , despite the multiple similarities in the spectral bands of the sealant materials studied, Raman spectroscopic technique provided enough evidence to distinguish the samples and suggest that the molecular structure of most of the silicone brands are not identical. The system is reliable, portable, relatively inexpensive and needs minimal to none sample preparation, and rapid measurement time which makes it an ideal tool for analysis of building materials in a laboratory setting. The drawback of this system for outdoor in-situ characterization of materials on construction site is the negative impact of ambient light, which interferes with measurements resulting in contamination of Raman spectra from the ambient light, and the effects it will have on the signal-to-noise ratio of the spectra.
